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A 36-year-old white woman was referred to Boston City Hospital for
evaluation of occasional periods of generalized muscle weakness and
shortness of breath for approximately 2 years. Five years previously she
had had her first episode of nephrolithiasis and since that time has passed
1 to 2 stones per year. Analysis of three stones indicated that they
consisted of calcium phosphate and calcium oxalate. Her serum calcium,
5.1 mEq/liter, and iPTH level, 50 1.dEqIml, were within normal limits.
However, her 24-hour urinary excretion of calcium, 550 mg, was elevated.
Her renal function has been stable, with plasma creatinine values between
0.7 and 0.9 mg/dl. The only other significant abnormality noted in prior
evaluations for these complaints was the finding of mild hyperchioremic
metabolic acidosis. The arterial plasma pH was 7.37; serum HC03,
between 18—20 mEq/liter; and serum K, 3.1 mEq/liter.
During the current evaluation, physical examination was entirely nor-
mal. No demonstrable muscle weakness could be elicited. All reflexes were
present and equal symmetrically. Electrocardiogram was within normal
limits. Laboratory evaluation included: BUN, 16 mg/dl; creatinine, 0.9
mg/dl; calcium, 5.2 mEq/liter; phosphate, 3.8 mg/dl; sodium, 137 mEq/
liter; potassium, 2.6 mEq/liter; chloride, 111 mEq/liter; bicarbonate, 16
mEq/liter; arterial blood pH, 7.36; and arterial blood PCO2, 29 mm Hg.
Urinalysis revealed 5—6 red blood cells and 5—10 white blood cells/high-
power field; the pH was 6.5. Net acid excretion, 37 mEq/day, was
inappropriately low for a systemic acidosis, and potassium excretion was
75 mEq/day despite hypokalemia. An intravenous pyelogram and renal
sonograni documented bilateral papillary tubular ectasia and nephrocal-
cinosis of the papillary collecting duct and were consistent with medullary
sponge kidney.
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The patient was treated with potassium-sodium-citrate solution, 25 ml
thrice daily; this dosage is the equivalent of administering 75 mEq of
bicarbonate and 37 mEq potassium/day. After therapy was instituted, the
patient's serum and urine electrolytes and urine pH were determined
periodically. Table 1 lists these values.
After one month of therapy, the following values normalized: serum
bicarbonate, 22 mEq/liter; potassium, 3.0 mEq/liter; arterial blood pH,
7.38; and PCO2, 36 mm Hg. The generalized weakness and shortness of
breath abated.
Discussion
DR. JOHN H. SCHWARTZ (Renal Section, Boston City Hospital;
and Professor of Medicine and Pathology, Boston University School
of Medicine, Boston, Massachusetts): Although the proximal tubule
of the mammalian kidney reabsorbs more than 80% of the filtered
bicarbonate, it is a "leaky" epithelium that cannot generate steep
pH gradients. This tubular segment therefore does not play a
major role in the excretion of net acid. In contrast, the collecting
duct is a "tight" epithelium that can generate steep pH gradients,
and it thus plays a major role in the excretion of net acid. Defects
in this latter segment that result in increased permeability to
cations such as H and K can impair the ability of the collecting
duct to reduce urinary pH, secrete ammonium, and titrate urinary
buffers at a rate equivalent to the normal production of endoge-
nous acid. This type of collecting duct defect, in the absence of a
significant reduction in the glomerular filtration rate, often results
in systemic metabolic acidosis (distal renal tubular acidosis), as
exemplified by the patient we are discussing today. Such distal
tubular disorders reflect the importance of the collecting duct in
acid-base homeostasis.
In this discussion, I will emphasize the cellular mechanism and
regulation of acid-base transport by the terminal two-thirds of the
inner medullary collecting duct (IMCD). Only in recent years
have the characteristics of this segment been extensively evalu-
ated. But first I would like to review the general cellular charac-
teristics of acid-base transport and its regulation in the more
proximal portions of the collecting duct. A number of excellent
reviews are available that detail the characteristics and cellular
mechanisms of acid-base transport in each of the more proximal
segments of the collecting duct [1—3].
The two major cell types in the collecting duct are the principal
and intercalated cells. Principal cells reabsorb Na and water, and
perhaps secrete Kt Intercalated cells (IC), analogous to the
carbonic anhydrase-rich cells of turtle and toad urinary bladder
[4—6], are responsible for acid-base transport [7—9]. We know of
at least two functionally different subtypes of intercalated cells: a
and p [7—9]. The a IC is the acid-secreting type (Fig. 1). This
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Day Serum Urine
[K+]a [HCO3—]a [pH] [K±]a
0 2.1 16 6.2 37
1 2.2 18 6.9 56
4 2.7 19 7.3 57
10 2.9 21 7.6 56
30 3.0 22 7.5 54
subtype of IC has an apical plasma membrane proton pump and
cytosolic carbonic anhydrase [7—9]. The ATP-dependent pump
secretes H across the apical membrane and generates base
(OH—) within the cell. Cytosolic carbonic anhydrase rapidly
converts the 0H generated by the proton pump into HC03.
The HC03 exits the cell at the basolateral membrane via an
electroneutral, C1-dependent anion exchanger. Finally, to main-
tain charge balance and recycle Cl back into the basolateral
fluid, there is a C1 conductance in series with the anion ex-
changer. The [3 IC, the HC03-secreting subtype, has a polarity
with regard to the proton pump and anion exchanger opposite to
that of IC, and appears to have a Cl conductance in both the
apical and basolateral membranes (Fig. 1). Hybrid intercalated
cells also exist with characteristics of both a and 13 cells [9]. Each
of the various types of intercalated cells arises from stem cells via
a specific differentiation pathway and probably is not intercon-
vertible from one type to the other. Alternatively, these cells could
have a common stem cell and differentiation pathway and be
highly changeable, capable of repolarizing from one type to the
other, depending on local, acid-base demands.
Two types of proton pumps reside in intercalated cells. Sub-
stantial evidence has accumulated in the past 10 years identifying
the predominant pump in these cells as an electrogenic, bafilo-
mycin-sensitive vacuolar type H-ATPase [3, 7, 10]. However, a
second type of proton pump is present: an isoform of the gastric
H-K ATPase [11, 12]. The major evidence for this latter proton
pump is the effect of inhibitors such as omeprazole and SCH
28080 on K absorption and H secretion [11, 12]. Although
these inhibitors are relatively specific for H-K ATPases, they
also can inhibit H transport by vacuolar H-ATPases [13].
Furthermore, because immunologic identification of H-K
ATPases in the kidney is incomplete [14], and because molecular
biologic studies have not consistently identified H-K ATPases
in kidney [15, 16], a definitive role for this ATPase in renal
acidification remains uncertain.
The inner medullary collecting duct, the distal-most portion of
the nephron, is divided into an initial and a terminal portion on
the basis of functional and morphologic differences. The initial
one-third is similar to the cortical and outer medullary collecting
duct in that it possesses two distinct cell types, principal and
intercalated cells. The terminal two-thirds appear to consist of a
single cell type that does not have the morphologic features of
either principal cells or intercalated cells and have been desig-
nated by Madsen et al as IMCD cells [17]. Because these cells do
not have morphologic features of intercalated cells, and neither
carbonic anhydrase [18] nor subunits of the H-ATPase [7] are
detectable by immunocytochemical techniques, this nephron seg-
Fig. 1. Model of a intercalated (a IC) and (3intercalated (/3 IC) cell. The
membrane location of the proton pump, C1-HC03 exchanger, and Cl
channel are indicated. CA, carbonic anhydrase.
ment is not thought to participate in acid-base transport or does
so by processes that are distinct from those used by intercalated
cells. In the remainder of this Forum, I will present evidence that
the terminal portion of the IMCD is a major site for the secretion
of net acid and that the cellular processes that mediate H
secretion in this nephron segment are similar to those observed in
intercalated cells.
The first direct evidence that the IMCD participates in urinary
acidification was adduced more than 30 years ago in the golden
hamster by the microcatheterization technique [19, 20]. Since the
early 1980s, the role of the IMCD in acidification has received
increased attention. Rat microcatheterization studies of the
IMCD in our laboratory [21—24], and in others using micropunc-
ture [25] and isolated microperfusion [26] techniques, have dem-
onstrated that tubular fluid pH decreases progressively from the
origin to the tip of the IMCD and achieves values as low as pH 5.0.
An acid disequilibrium pH also has been demonstrated in the
tubular fluid in the terminal portion of the IMCD [24, 27].
Table 1. Laboratory values for patient treated with potassium-sodium-
citrate solution apica' basolateral
a Measured in mEq/liter.
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Fig. 2. Net acid secretion by the rat IMCD dunng control, acute metabolic
acidosis (AMA), chronic metabolic acidosis (CMA), respiraroly acidosis with
the infusion of buffer (RA +B), metabolic alkalosis (MA1k), and respiratoiy
alkalosis (RAlk).
Therefore, acid secretion occurs along the entire length of the
IMCD by a process that involves H transport.
The rate of acid secretion by the IMCD is appreciable, as
measured by net acid excreted as ammonium and titratable
buffers, and varies with systemic acid-base perturbations. In
normal rats, acid secretion by the IMCD contributes approxi-
mately 500 nmol of H/min, or about 80% of net acid excreted
[22]. With the induction of metabolic acidosis, acid secretion
along the IMCD increases twofold with acute [22], and approxi-
mately fivefold with chronic, metabolic acidosis [23] (Fig. 2).
Furthermore, similar results have been obtained in the isolated,
perfused rat IMCD: acid secretion by the IMCD obtained from
rats with chronic metabolic acidosis was twice that found in
tubules obtained from normal rats [26].
In contrast to the response of the IMCD to acute metabolic
acidosis, the rate of acid secretion by the IMCD did not increase
during acute respiratory acidosis [28]. However, when adequate
amounts of buffer were provided, we found that IMCD acidifica-
tion increased by about 35% with the induction of hypercapnia
[29]. Thus it appears that a failure to enhance buffer (ammonia)
delivery during acute respiratory acidosis in the rat limits acid
secretion by the IMCD. Collectively, these results demonstrate
that the potential response of the IMCD to both metabolic and
respiratory acidotic states is similar: enhanced H secretion. On
the basis of these observations, we would predict that during
chronic respiratory acidosis, IMCD proton secretion would in-
crease because ammonia production increases.
Acid secretion by the IMCD not only responds to systemic
acidosis but also to alkalosis. During acute respiratory or chronic
metabolic alkalosis, IMCD acid secretion was appropriately de-
creased [30]; with either acid-base disturbance, IMCD tubular
fluid acidification was abolished (Fig. 2). Unlike in the cortical
collecting duct, however, net bicarbonate secretion was never
observed in either alkalotic condition [30].
The IMCD in vivo is also capable of adaptation to chronic
increases in systemic acid or alkali loads. Feeding rats increased
net acid or alkali loads above their usual dietary intake precon-
ditions them. When they were challenged with a stimulus for
acidification, for example, a comparable elevation of arterial
PCO2, IMCD acidification in the acid-fed rats was greater than in
control, and far greater than in alkali-fed, rats [31].
These studies of the intact rat IMCD demonstrate that this
nephron segment is capable of secreting H at appreciable rates
and this secretory capacity is modulated in a physiologically
appropriate fashion in response to systemic acid-base perturba-
tions. Although these in-vivo studies do not define the cellular
process for H secretion, the presence of an acid disequilibrium
pH in situ, and the markedly acid pH generated in the tubular
fluid along the IMCD (< 5.0), are consistent with the hypothesis
that the process of acid excretion is the consequence of active H
secretion by the IMCD.
To characterize the cellular processes that mediate and regulate
H transport in the terminal portion of the IMCD, we have
developed a tissue culture model. This system was selected
because it greatly simplifies the technical problems required to
evaluate this process. Cells in culture are not necessarily repre-
sentative of the cells in vivo from which they were derived,
however, because dedifferentiation can occur in vitro. Nonethe-
less, the cells we obtained from the rat terminal IMCD retained in
culture many of the morphologic and functional features that are
characteristic of the IMCD in vivo. They are polarized, form
junctional complexes, and grow as monolayers with a relatively
high transepithelial electrical resistance [32, 33]. They respond to
many hormones including vasopressin [33], atrial natriuretic fac-
tor [3I, bradykinin [35], glucocorticoids and mineralocorticoids
[17], and both urea and water transport are increased by vaso-
pressin administration [33, 36].
We and others have used cultured IMCD cells to determine
whether this cell type possesses transporters and enzymes typical
of acid secretory cells. The studies I will describe document that
IMCD cells have many of the transport proteins characteristic of
a-intercalated cells: a H transporter in the apical membrane [32,
37], a transporter that mediates base exit at the basolateral
membrane [38, 39], and cytoplasmic carbonic anhydrase [38, 40].
To evaluate the acid-base properties of these cultured IMCD
cells, we determined the effect of various manipulations and
inhibitors on cell pH (pHi) and recovery of pHi after an acid load.
The most ubiquitous plasma membrane proton transporter is
the Na-H exchanger. Several groups of investigators have
demonstrated that after a cellular acid load, pHi recovery is in
part Na dependent [32, 37, 41]. The rate of Na-dependent pHi
recovery in cultured IMCD cells is a first-order function of the
extracellular Na concentration [32]. The apparent Km for Na is
51 mM, and the Vm is 0.35 pH U/mm (Fig. 3). The addition of
1 mM amiloride reduced this rate by more than 90%. Thus the
IMCD has a Na-H exchanger.
The activity of the Na-H exchanger is modified not only by
pHi and extracellular [Na] but also by kinases that mediate
phosphorylation of the exchanger [35]. To demonstrate that
protein kinase C (PKC) stimulates the Na-H exchanger, we
examined the effect of a phorbol ester (PMA, an activator of
PKC) on pHi regulation in non-proliferating, confluent monolay-
ers [351. The addition of PMA induced cell alkalinization. In the
absence of Na or in the presence of amiloride, PMA had no
effect on pHi. Therefore, this alkalinization response is Na
dependent and amiloride inhibitable and thus represents activa-
tion of the Na-H exchanger. Other protein kinases probably do
not regulate the exchanger in IMCD cells; increases in cell cAMP,
cGMP, or cytosolic calcium do not alter pHi in a Na4-dependent
manner [35].
Unlike the proximal tubule, H4 secretion in the intact IMCD
Contro' AMA CMA RA+B MAIk RAIk
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cannot be mediated by Na-H exchange. First, the opposing H
gradient across the apical membrane is greater than the Na
gradient. In addition, the Na-H exchanger is located primarily
in the basolateral membrane [37]. The Na-H exchanger in the
IMCD possibly functions as part of the signal transduction
response for cell proliferation and for cell volume in addition to
cell pH regulation. That the Na-H exchanger is associated with
the proliferative process in IMCD as well as in other cell types is
supported by studies demonstrating that, in cells grown in culture,
a striking decrease in activity of this exchanger correlates with a
decline in the mitotic index of the growing cells [38]. We also
demonstrated that the exchanger is activated when cells are
exposed to a hypertonic medium and that this activation of
Na-H exchange is part of the volume regulatory response of
these cells [42].
Other transporters typically located in the basolateral mem-
brane that might participate in cell pH regulation include the
Cl-HC03 exchanger and the Na-HCO3 co-transporter.
These transporters facilitate the exit of base generated due to
activity of the apical proton pump. We attempted to identify the
presence of these transporters (Fig. 4). We incubated the mono-
layer of IMCD cells in a HEPES-buffered solution containing 24
mM HC03 and 5% CO2. After pHi was stable, the extracellular
HC03 was reduced to 5 mM, thereby imposing an outward
HC03 gradient. The pHi remained stable in the absence of Cl.
In C1-containing medium, a rapid acidification occurred after the
initial alkalinization. The rate of acidification was not increased by
the presence of Na in the extracellular solution, but was reduced
by about 70% by 0.1 mM SITS. Thus, efflux of alkali, probably
HC03, is Cl dependent, Na independent, and SITS inhibit-
able. These observations operationally define the presence of a
Cl-HCO3 exchanger but not a Na-HCO3 cotransporter in
the plasma membrane of the IMCD cells. Similar results have
been obtained with the isolated, perfused IMCD [23]. The
Cl-HC03 exchanger also has been localized to the basolateral
membrane on the basis of physiologic manipulations [39]; we
Time, minutes
Fig. 4. Characteristics of C1-HC03 exchange in cultured rat IMCD cells.
Monolayers of IMCD were initially incubated in a medium containing 24
mM HC03. When pHi was stable, the extracellular [HC03] was
reduced to 5 mM to generate an outward HCO3 gradient. The rate of
change in pHi was examined with variable [Cl] in the extracellular
medium.
recently confirmed this localization by immunohistochemical
techniques (unpublished observations).
Another characteristic of acid-secreting epithelial cells is the
presence of carbonic anhydrase (CA). This enzyme might be
important not only for the rapid hydroxylation of CO2 in the
vicinity of the proton pump, but also for facilitation of the
diffusion of HC03 across the cytosol of the cell. In the past, CA
has not been detected in IMCD cells either by histochemical or
immunocytochemical techniques in studies designed to survey the
distribution of CA in the kidney [18]. This enzyme might not have
been detected because of a methodologic problem; recent studies
utilizing a biochemical assay have demonstrated CA activity in
freshly isolated IMCD cells and IMCD cells grown in culture [38].
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Fig. 3. Characterististics of Na -H exchanger in
cultured rat IMCD cells. After monolayers of
IMCD cells were acid loaded by a brief
exposure of NH4C1, they were incubated in
Na-free medium followed by the addition of
variable [Na]. Cell pH (pHi) was continuously
monitored. A double reciprocal plot of the rate
of pHi recovery (1/v) versus medium [NaI is
given in the insert.
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Fig. 5. The effect of H-ATPase inhibitors and a H-K .4TPase inhibitor
(SCH 28080) on Natindependent pHi recoveFy after an acid load. The
inhibitors, 1 mM NEM, 1 mM SCH 28080, and 1 M bafilomycin, were
added to the media at the time of the second load. Cell pH (pHi) was
continuously monitored.
Further supporting these findings, mRNA for CAll is expressed in
these cultured cells, and immunohistochemistry and immunoblot
studies document the presence of a protein of appropriate
molecular mass [38, 43]. Also, in another recent histochemical
study, CA has been identified throughout the intact IMCD [40].
Thus, IMCD cells in tissue culture and in vivo have cytosolic CA,
a characteristic of most H secretory cells.
To account for the ability of IMCD cells to secrete protons
against an unfavorable pH gradient, an active W pump must be
localized in the apical membrane. When IMCD cells are acidified
in a Na- and C02-HC03-free solution, pHi recovers. This
observation demonstrates that IMCD cells have a Na-HC03-
independent mechanism of recovering from an acid load. In the
presence of deoxy-D-glucose and KCN to reduce cellular ATP
levels, or after the addition of nonspecific proton pump inhibitors
such as NEM or DCCD, Nat-independent pHi recovery of
acid-loaded cells is reduced by at least 80% [32, 44]. These
observations are consistent with the proposal that an active,
ATP-dependent proton pump exists in the IMCD cells. This
proton pump could be either a H-ATPase or a H/K-ATPase.
To define the specific type of ATPase present in these cells, we
and others have examined the effect of relatively specific inhibi-
tors on this transport process. In our tissue culture cells, 1 1.tM
bafilomycin (a H-ATPase inhibitor) reduced the rate of Nat-
independent pHi recovery by nearly 90% (Fig. 5), whereas SCH
28080 (a Ht'K-ATPase inhibitor) at concentrations of up to 1
mM had no measurable effect on the recovery rate [45]. In one
other study, both bafilomycin- and SCH 28080-induced inhibition
of Na-independent pHi recovery were observed; thus both
ATPases likely are present [45]. However, SCH 28080 might be
less specific than previously recognized [13], and the small degree
of inhibition observed could have resulted from effects on a
H-ATPase. These observations lead to the conclusion that a
H-ATPase is the active proton pump in IMCD cells and that
under certain conditions a H17K-ATPase also might be present.
The activity of the proton pump in IMCD cells is regulated by
exocytic insertion and endocytic retrieval of pumps from the
apical surface by a process that might be similar to that observed
in intercalated cells [44—46]. The signal for enhanced exocytosis in
these cells is a fall in pHi; for enhanced endocytosis, it is a rise in
Control pHi [44]. Vesicles within the apical one-third of the cytosol are
SCH 28080 acidic, contain proton pumps, and cycle into and out ofthe apical
membrane [44].
We recently suggested a hypothetical cycle involving cell pH
and cell calcium (Fig. 6) that accounts for the overall regulation of
Bafilomycin proton transport in these cells [45]. A reduction in pHi (induced,
for example, by a fall in serum [11C03]) increases intracellular
calcium (Ca1) [45]. This rise in Ca1 might be due, in part, to
mobilization of cellular Ca2 stores by 1P3 and by pH-dependent
internal Ca2 redistribution or external Ca2 influx [45]. The
measured accumulation of 1P3 is probably due to pHi-dependent
activation of a phospholipase, perhaps PLA-C, which also would
result in the formation of diacylglycerol, a PKC activator. The rise
in Ca1 might stimulate active proton transport (JHact) by two
separate pathways: an increased exocytic insertion of proton
pumps into the apical membrane, as occurs in the turtle urinary
bladder [451, and depolarization of the cell secondary to a rise in
Ca1 [46]. The latter might increase the pump rate by reducing the
adverse electrical gradient against which the pump must work if
the pump is electrogenic. The increased pump rate will alkalinize
pHi. The fall in pHi and activation of PKC by diacyiglycerol also
increases the rate of Na-H exchange [35] and not only restores
pHi to its initial, baseline value, but raises pHi to values somewhat
above the initial point [35]. Finally, as pHi is alkalinized, Ca1 and
transport activity are reduced. Thus pHi and Ca1 are returned to
their initial values and the regulatory cycle is completed.
Adaptation of IMCD function to chronic metabolic acidosis is
observed in vivo [311. If our culture model is representative of the
in-vivo IMCD, the adaptive phenomena should be reproduced if
cells are grown in a medium that mimics chronic metabolic
acidosis. When IMCD cells are grown in a medium that has a low
pH (7.0) compared to the standard culture medium, the rates of
proton pump activity (Fig. 7) and exocytosis nearly double [47].
Therefore the cultured cells can functionally adapt. Adaptation by
the cultured cells depends on new protein synthesis. The mecha-
nism(s) for this IMCD cell adaptation include, but are not
necessarily limited to, a change in production and possibly to
turnover capacity of proton transporters, insertion of these pumps
into the membrane, and an increase in the rate of exocytosis. In
addition, changes in endocytosis, the cytoskeleton, the C1/
HC03 exchanger, and carbonic anhydrase also might contribute
to the increased rate of H secretion [43].
Let me summarize my remarks. The terminal portion of the
IMCD plays an important role in net acid secretion. The cellular
process involved in mediating H secretion in this morphologi-
cally distinct segment appears to be similar to the process that
regulates H secretion in a intercalated cells. Functional defects
in the collecting duct that impair the acidification process and lead
to clinical acid-base disturbances, such as renal tubular acidosis in
today's patient, are likely to also involve the IMCD. In fact,
DuBose and Caflisch [48] studied several models of renal tubular
acidosis by examining acid secretion along the IMCD of the rat
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Fig. 7. Adaptive response of IMCD cells to chronic erposure to acid
incubation. The rate of NEM-sensitive, Na-independent pHi recovery
after an acid load in monolayers incubated for 48 hrs in low-pH culture
medium is approximately 50% greater than that in control monolayers
[47].
and found that known causes of renal tubular acidosis—including
amiloride, lithium, amphotericin, and the post-obstructed kid-
ney—all manifested defects in IMCD acidification. It seems
reasonable to presume, therefore, that renal tubular acidosis in
humans involves defects in acid secretion in the IMCD.
Questions and answers
DR. Nicous.os E. MADIAS (Chief Division of Nephrology, New
England Medical Center, Boston, Massachusetts): Do you have
evidence that mineralocorticoids stimulate the hydrogen pump in
the IMCD?
DR. SCHWARTZ: I know of no evidence for a direct effect of
mineralocorticoids on the H pump expression in the IMCD. The
proton transport rates of cultured IMCD cells grown either in the
presence or absence of mineralocorticoids do not differ signifi-
cantly. However, in our studies evaluating the process of chronic
adaptation of cultured IMCD cells to an acidic environment, we
observed increased proton pump activity only when cells were
incubated in the presence of mineralocorticoid. We have not yet
characterized the molecular role of mineralocorticoids, nor have
we demonstrated an increase in the activity or mass of H
ATPases in the process of adaptation. In general it has been
difficult to characterize changes in mass and/or activity of the
proton pump in the nephron because it is not possible to readily
distinguish between the various isoforms of the vacuolar H
ATPases present in these cells. Vacuolar H ATPases are ubiq-
uitous and function as plasma membrane proton pumps. Other
isoforms also function to acidify the contents of vacuoles in all
cells. Until reagents are available that can identify with certainty
the plasma membrane isoform, it will not be possible to conclu-
sively determine whether mineralocorticoids directly induce syn-
thesis of additional plasma membrane proton pumps. I suspect
that mineralocorticoids do modulate the expression of the proton
pump, based on the long-term stimulatory effect of this steroid on
H secretion by short-circuited turtle urinary bladder in vitro.
DR. JOHN T. HARRINGTON (Chaitman, Department of Medicine,
Newton-Wellesley Hospital, Newton, Massachusetts): Can you stim-
ulate the proton pump in the IMCD without lowering intracellular
pH, for instance by the infusion of non-reabsorable anions [49]?
DR. SCHWARTZ: As yet we have not examined other maneuvers.
I assume that if the proton pump in the IMCD cell is electrogenic,
as it is in intercalated cells, then increasing the electrical driving
force will increase the rate of H secretion. In the intact collecting
duct, favorable changes in the electrical driving force for H
secretion can be induced by the delivery of Na with a non-
reabsorable anion. This effect of non-reabsorbable anions is
further increased when the principal cells are induced to maxi-
mally transport Nat This electrical coupling might account in
part for the reciprocal relationship between Na absorption and
H secretion.
DR. HARRINOTON: Can you simulate acid excretion by the cell
without increasing intracellular calcium?
DR. SCHWARTZ: Increases in the rate of proton transport by
intercalated cells of the collecting duct are regulated by a number
of factors: the number of pumps inserted into the apical mem-
brane, the capacity of the cell to dispose of alkali generated
behind the proton pump, and the magnitude of the electrochem-
ical gradient opposing proton secretion. In IMCD cells, we can
induce exocytic insertion of additional proton pumps by increas-
ing intracellular calcium. This maneuver increases the rate of
secretion and in turn induces alkalinization of the cell.
DR. HARRINGTON: You described the pump units as the studs on
vesicles. Before they become vesicles, where do they sit and what
do they do?
DR. SCHWARTZ: The sites of assemblage of the proton pump
subunits and formation of multiple pump units (studs) have not
been characterized. The proton pump is probably a H ATPase
that consists of at least 10 subunits. The processing of these
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subunits from ER to golgi, the signals that are important for
sorting the subunits into specific vesicles and ultimately targeting
these vesicles to the correct plasma membrane domain, has not
been evaluated in renal epithelial cells.
DR. RONALD PERRONE (Division of Nephrology, New England
Medical Center): You expressed skepticism about the existence of
a renal collecting duct proton-potassium ATPase because inhibi-
tors were used to define its physiologic function. Curran et al
demonstrated ATP- and K-dependent acidification and K-depen-
dent ATP hydrolysis in rabbit renal medullary membrane vesicles
[50]. Could you comment on these results and on another study
that demonstrated proton-potassium ATPase immunoreactivity in
rat and rabbit cortical and outer medullary collecting duct [51]?
DR. SCHWARTZ: The H/K ATPase probably is present in the
collecting duct. The specific isoform present, colonic versus
gastric, and the level of expression and function have not been
fully elucidated. The H/K ATPase is a P-type ATPase, as is the
Na/K ATPase. The major evidence for a role for the H/K
ATPase in acidification by the collecting duct has been the effect
of inhibitors. Both omeprazole and SCH 28080, relatively specific
inhibitors of Ht'K ATPase, reduce the rate of luminal acidifi-
cation. However, SCH 28080 also inhibits H transport by turtle
urinary bladder. In this epithelium, all H transport is mediated
by a H ATPase. Thus, these inhibitors cannot be used to
distinguish whether a HtK ATPase is present. Until more
definitive results are available, I will remain skeptical about the
role of H/K ATPase in the process of collecting duct acidifi-
cation and K transport.
DR. M.rus: A number of studies have shown increased
NEM-sensitive ATPase activity in different nephron segments in
response to various maneuvers such as acid loading and aldoste-
rone administration. Other studies, however, have not been able
to demonstrate increases in message or protein product in re-
sponse to physiologic stimuli using cDNA probes and antibodies
for subunits of the vacuolar H ATPase. How do you interpret
this discrepancy?
DR. SCHWARTZ: NEM is a relatively nonspecific reagent and in
most studies has been employed at relatively high concentrations.
The apparent change in the NEM-sensitive ATPase activity
without change in mRNA for subunits of the H ATPase or
immunohistochemically detectable H ATPase has a number of
explanations. First, other types of ATPases (HfK ATPase) that
are NEM sensitive might be activated or expressed with acid
loading or mineralocorticoid administration. Second, H ATPase
activity might be regulated, as Gluck suggested, by low-molecular-
weight proteins. Finally, assemblage of pump subunits could be
induced by these maneuvers without the need for de-novo syn-
thesis of these subunits. All three of these explanations could
account for this discrepancy.
DR. M.ADIAs: Are there any comparative studies between bafilo-
mycin-sensitive and NEM-sensitive ATPase activity in microdis-
sected tubular segments?
DR. SCHWARTZ: The only comparative studies that I am familiar
with in which the effects of both NEM and bafilomycin on
secretion were examined were not in tubular segments but in
turtle urinary bladder and in cultured IMCD cells [13, 44]. In
these studies, both agents inhibited H secretion to a similar
degree.
DR. RICIi LAFAYEYrE (Division of Nephrology, New England
Medical Center): Does the inner medullary collecting duct play a
role in metabolic alkalosis? Is it capable of reducing acid excretion
or, like cortical collecting duct cells, is there any capacity for
bicarbonate excretion through a bicarbonate-chloride exchanger?
DR. SCHWARTZ: We have attempted to determine whether
bicarbonate secretion occurs in the IMCD in both in-vivo and
in-vitro studies. Using a microcatheterization method in alkali-
loaded animals, we have documented a reduction in net acid
secretion, but we have not been able to demonstrate net bicar-
bonate secretion [30]. In cultured cells, we and others have
demonstrated the presence of a Cl-HC03 exchanger only in
the basolateral membrane [38, 39]. We cannot demonstrate any
form of HC03 transport in the apical membrane. Thus, the
IMCD differs from the cortical collecting duct in that it is not
capable of HC03 secretion and does not have functional 3
intercalated cells.
DR. HARRINGTON: Is there a role for calcium in H-K ATPase
in gastric tissue similar to the role in the kidney that you've
described for calcium?
DR. SCHWARTZ: Long before it was recognized that urinary
acidification is regulated in part by the exocytic insertion and
endocytic retrieval of proton pumps from the apical membrane, it
was demonstrated that gastric acid secretion was regulated by this
type of process. The H/K ATPases reside in storage tub-
ulovesicles. Induction of secretion, which involves a rise in cyto-
solic calcium, induces fusion of these pump-containing tub-
ulovesicles with the apical membrane.
DR. M.rnAs: Regarding this comparison, in stimulated gastric
glands there is evidence for insertion of potassium and chloride
conductances in parallel with the H-K-ATPase that promote
H secretion by dissipating adverse ion concentration gradients
[521. Is there similar evidence for the renal H-K ATPase?
DR. SCHWARTZ: The collecting duct contains at least two types
of Cl channels: a calcium-regulated Cl channel and the cystic
fibrosis transmembrane regulatory factor. With activation and
insertion of proton pumps in the apical membrane, there is
activation of at least the calcium-regulated channels in the
basolateral membrane. Whether or not additional channels are
inserted has not yet been evaluated.
DR. STEvEN Bomc& (Division of Nephrology, Boston University
Medical Center, Boston, Massachusetts): Could you comment on
the role of CFTR, the cystic fibrosis transmembrane conductance
regulator? Dr. Bruce Stanton and colleagues have localized
CFTR in the rabbit cortical collecting duct, and you previously
noted CFTR in rat inner medullary collecting duct cells. Do you
believe that there is a role for the chloride channel in pH
regulation? Would it work in concert with the proton pump that
you described?
DR. SCHWARTZ: According to Steve, he would propose that
something that would increase apical chloride conductance should
induce a favorable driving force for the proton pump. One might
suspect that activation of the chloride CFTR apical channel
should activate proton pumping. There is evidence in the cortical
collecting duct that ADH or cyclic AMP analogues produce
alterations in the H transport rate. These alterations might be
modulated by CFTR rather than by the transporter itself.
DR. HARRINGTON: How did the hydrogen ion pumping system
move upstream from the bladder in turtles to the IMCD in
humans? Could you speculate on that?
DR. SCHWARTZ: It is not really an upstream move. The urinary
bladder of amphibians and reptiles has the same embryologic
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origin as does the collecting duct—mesonephric. The functional
and morphologic similarities between the collecting duct and the
turtle urinary bladder are therefore not very surprising. The
mammalian bladder is not derived from either meta- or meso-
nephric origin and is not a nephrologic analogue of the collecting
duct.
DR. PERRONE: Has the apparent discrepancy between the apical
chloride bicarbonate exchanger and the basolateral chloride-
bicarbonate exchanger been definitively resolved?
DR. SCHWARTZ: Functional analysis documents that a cells have
a basolateral, and 13 cells have an apical, anion exchanger. The
basolateral exchanger is significantly more sensitive to the inhib-
itory effect of inhibitors such as SITS. Antibodies that recognize
the carboxy terminal end of AE1 label only the basolateral anion
exchanger in cells. These observations suggest that the exchangers
in a and /3 cells are different. In one recent publication, Dr.
Al-Awqati and his associates isolated apical membrane from
cultured /3 cells and by immunoblot analysis detected AE1 [53].
However, the antibody that they used did not immunohistochemi-
cally detect an exchanger in the apical membrane of the /3 cells. In
contrast to this observation, Drs. Chen and Fejes-Toth reported in
abstract form that freshly isolated immunoisolated f3 cells contain
AE2 mRNA and immunodetectable AE2 [54]. I think that at this
time the exact isoform of the exchanger present in the f3 cells
remains in dispute. This controversy will be resolved only when
adequate reagents are available that can distinguish among the
various isoforms and have sufficient sensitivity to detect the
exchanger in intact renal tissue.
DR. MADIAS: Could you please address briefly the "hybrid" cells
found in the collecting duct that express a number of these
transporters together? Also, could you make a general comment
about the issue of reversal of the functional polarity of interca-
lated cells?
DR. SCHWARTZ: The intercalated cells can be categorized into
three subtypes: a cells that have an apical proton pump and
basolateral anion exchanger, /3 cells with an opposite polarity, and
hybrid cells that have characteristics of both a and /3 cells. One
hypothesis is that the intercalated cell is highly plastic and can be
remolded-repolarized from a to /3 depending on environmental
conditions. The hybrid cell would then reflect those cells that are
in transition from one extreme of polarization to the other. The
presence of such hybrid cells supports the hypothesis that cells can
in fact transform from a to /3. However, no one has documented
that such transformation actually occurs, and until such time, the
exact origin of each of the three cells type remains speculative.
DR. MADIAs: Has this knowledge on the acidification systems of
the distal nephron provided new insights into the acidification
defects associated with chronic renal insufficiency or with various
types of distal RTA?
DR. SCHWARTZ: The rate of H secretion is not only a function
of the number of proton pumps present but also of the electro-
chemical gradient against which these pumps function. In chronic
renal failure, the kidney's capacity to generate ammonia is
severely limited. The reduction in ammoniagenesis reduces the
amount of buffer available and therefore results in the generation
of a steeper adverse gradient. With regard to distal RTA, the only
new insight that we can provide from this knowledge concerning
the function of the IMCD is that this segment of the nephron must
be involved in the process of RTA.
DR. MADIAs: Several years ago we published a study indicating
that despite the well-documented existence of sodium-indepen-
dent mineralocorticoid-responsive hydrogen ion secretion within
the mammalian distal nephron, in-vivo hydrogen and potassium
excretory responses to mineralocorticoids depend critically on the
availability for reabsorption of a surplus of luminal sodium [55].
Does the intervening progress in the field allow us a better
understanding of this discrepancy?
DR. SCHWARTZ: The H-ATPase is an electrogenic proton
pump. Changes in electrochemical gradient will affect the rate of
transport by the enzyme. Mineralocorticoids can indirectly in-
crease H secretion by increasing electrogenic Na absorption.
An increase in electrogenic Na absorption results in a rise in the
transtubular electrical potential difference, a change that is a
driving force for cation secretion. The observation that mineralo-
corticoid-induced H and K secretion require increased Na
absorption is consistent with the hypothesis that mineralocorti-
coids affect H and K secretion indirectly as well as directly.
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